The oestrogen metabolite 2-methoxyoestradiol alone or in combination with tumour necrosis factor-related apoptosis-inducing ligand mediates apoptosis in cancerous but not healthy cells of the human endometrium 
Introduction
Cancer of the reproductive tract encompasses malignancies of the uterine cervix, uterine corpus, ovary, vulva, fallopian tube, vagina and other related genital tissue. According to recent estimates by the American Cancer Society, cancer of the reproductive tract will account for 12% of all female cancers (79 480 of 662 870 estimated cases) and w15% of female cancerrelated mortalities (28 910 of 275 000 estimated cases). Endometrial cancer is the most common gynaecologic malignancy and the fourth most common cancer in women (Amant et al. 2005 , Carter & Pather 2006 . Approximately 75% of women present with diseases clinically confined to the uterus (stage 1), for which the overall 5-year survival is 75% (2). The prognosis for patients with more advanced or recurrent endometrial disease is poor, with a median survival of !1 year (Amant et al. 2005) . Chemotherapy is the mainstay of the treatment for patients with advanced or recurrent disease. Due to the well-documented secondary effects of chemotherapy, there is a need to find new effective treatments for advanced endometrial cancers and other malignancies of the reproductive tract which confer minimal toxicity to normal healthy tissues.
One such candidate compound is the oestrogen metabolite 2-methoxyoestradiol (2ME), which is now in clinical trials for the treatment of various cancers (Mooberry 2003) . 2ME is produced by sequential hepatic hydroxylation and methylation from the parent compounds and is present in human blood and the urine (Watanabe et al. 1991 , Suchar et al. 1995 , Zhu & Conney 1998 . Oestradiol or oestrone can be hydroxylated at various positions by nicotinamide adenine dinucleotide phosphate (NADPH)-dependent cytochrome p450 enzymes CYP1A2 and CYP3A present in the liver and extrahepatic target cells (Franks et al. 1982 , Watanabe et al. 1991 . The chemically reactive catechol oestrogens (2-or 4-hydroxyoestradiol (2OH or 4OH) and 2-or 4-hydroxyoestrone (2OH or 4OH)) can be metabolically O-methylated to monomethylethers by catechol-O-methyltransferase (COMT), an enzyme present in large amounts in many organs and cells such as liver, kidney, placenta, uterus and mammary gland (Kopin 1994 , Williams et al. 2002 , Yue et al. 2003 . The metabolite 2ME can bind to oestrogen receptors (ERs), albeit at a 500-and 3200-fold lower affinity than that of oestradiol for ERa and ERb respectively. Along with the capability of utilising ER signalling pathways, several publications have highlighted that the anti-proliferative activities of 2ME can occur independently of ER signalling and are not altered by either oestrogen antagonists or agonists (Merriam et al. 1980 , van Aswegen et al. 1989 . 2ME has been shown to be a potent inhibitor of angiogenesis and suppresses tumour growth. It appears to target only active proliferating cells and not cytotoxic to quiescent cells (LaVallee et al. 2002) . The exact action of 2ME is currently unknown; however, various mechanisms have been implicated. There is accordance in the literature that 2ME inhibits tumour proliferation, in vitro and in vivo, by inducing cell cycle arrest and apoptosis and by inhibiting angiogenesis. A dose-dependent G2/M arrest was found in a wide range of cancer cells and this effect is thought to be due to its toxicity to microtubules (Sidor et al. 2005) and inhibition of regulators of cell cycle progression (Qadan et al. 2001) . Apoptosis is the programmed cell death that is essential for the development and tissue homeostasis of healthy cells. An apoptotic effect of 2ME has been shown both in vitro and in vivo (Basu et al. 2006 , Gui & Zheng 2006 , Ray et al. 2006 ) and this mechanism involves both the intrinsic (up-regulation of p53, accumulation of reactive oxygen species (ROS), Bcl-2 phosphorylarion and inactivation) and extrinsic (up-regulation of DR5) apoptotic pathways (Bu et al. 2002 , LaVallee et al. 2003 , Zhou et al. 2004 , Joubert et al. 2005 , Thews et al. 2005 .
Reports indicate that certain breast cancer cell lines are insensitive to 2ME. Mechanistically, this insensitivity is largely attributable to the presence of high levels of a steroid-selective metabolising enzyme, the type II 17b-hydroxysteroid dehydrogenase (17b-HSD), which rapidly converts 2ME to the inactive 2-methoxyoestrone (Liu et al. 2005) .
There is evidence that 2ME can overcome resistance to chemotherapy in several drug-resistant cancer cells, and its also been shown that 2ME has no anti-tumour effects on human endometrial carcinoma in in vivo models (Chauhan et al. 2002 . However, in these and other models, 2ME has been added orally or subcutaneously and has thus been subject to problems of metabolism in the liver. Due to the side effects of the current combined chemotherapy treatments, the combination of locally administered 2ME with other apoptotic drugs with minimal toxicity to healthy tissues would be an attractive alternative therapeutic strategy for the treatment of cancers of the female reproductive tract. One such drug is tumour necrosis factor-related apoptosis-inducing ligand (TRAIL), which we have previously shown to induce apoptosis in cancer cells but not in healthy cells of cervical, endometrial, fallopian tube or ovarian origin (Sadarangani et al. 2007) . TRAIL acts by binding to the death receptors TRAIL-R1 (also called DR4) and TRAIL-R2 (also called DR5), thereby inducing caspase-mediated apoptosis.
In this study, we characterised the anti-proliferative and pro-apoptotic effects of 2ME in endometrial and cervical cancer cell lines, primary cultured cancer cells and corresponding non-malignant cells from the female reproductive tract. In addition, we demonstrate that 2ME enhances the apoptotic response to TRAIL. ovarian and fallopian tube were derived from tissue from pre-menopausal or postmenopausal women undergoing either hysterectomy alone or hysterectomy with bilateral salpingo-oophorectomy and from benign or malignant tumours as published previously (Sadarangani et al. 2007) . The endometrial cancer cell lines Ishikawa (Nishida et al. 1985) , HEC1A (Kuramoto 1972) , the cervical cancer cell line HeLa (Eagle 1955) , the breast cancer cell lines ZR-75 (Engel et al. 1978) and MDA-MB-231 (Cailleau et al. 1978) cells were maintained in Dulbecco's modified Eagle medium (DMEM)/F12 media supplemented with 10% foetal bovine serum (Invitrogen). For protein and RNA experiments, cells were plated at 50% confluence in 10 cm 2 Petri dishes (Falcon, Becton-Dickinson, NJ, USA). The medium was changed to charcoal-treated medium containing 5% serum for 24 h before the addition of 2ME or TRAIL.
Reagents 17b-oestradiol (E 2 ) and 2ME were purchased from Sigma-Aldrich. All other oestrogen metabolites were purchased from Steraloids Inc. (Rhode Island, USA). glutathione-S-transferase (GST)-TRAIL fusion protein was produced as described previously (Cuello et al. 2001 ) and stored in aliquots at K20 8C. An equal volume of vehicle (DMEM/F12 medium or ethanol) was added as a control in each experiment. The tetrapeptide caspase inhibitor ZVAD-fmk(Z-Val-Ala-Asp (OCH 3 )-fmk), caspase inhibitors 2, 8 and 9 (Enzyme Systems Products, Livermore, CA, USA) were resuspended in DMSO (Sigma-Aldrich Co.) and added to the cells at a final concentration of 50 mM, 30 min before TRAIL. N-acetylcysteine (NAC) and ICI 182 780 (ICI) were purchased from Sigma-Aldrich.
The chemotherapeutics drugs (doxorubicin (DOX), paclitaxel (PTX) and cisplatin (CIS)) were kindly given by the Cancer Center of the Pontificia Universidad Católica de Chile, and used at a final concentration of 5 mM.
Measurement of cell viability and apoptosis
The MTS assay was used to assess oestrogen, oestrogen metabolite and TRAIL-mediated cytotoxicity. Primary cultured cells or cancer cell lines were plated at 1-5!10 4 cells/well in 96-well microtiter plates and allowed to adhere to the plates 24 h in DMEM/F12 with 10% FBS. Cells were incubated in 5% charcoal-stripped FBS containing DMEM/F12 medium for 24 h before addition of oestrogen metabolites, at concentrations stated in figure legends, for 48 h. GST-TRAIL fusion protein was added under the same conditions and incubated for 18 h. In experiments where cells were co-treated with 2ME and GST-TRAIL, the procedure was identical for that of the above-mentioned oestrogen metabolites, with GST-TRAIL being added to the medium during the last 18-h treatment period. Cell viability was assessed by the MTS dye reduction assay (Cell Titer 96 AQ ueous One Solution Cell Proliferation Assay, Promega) at 490 nm (Keane et al. 1996) . All MTS data points were performed five times in each assay and each experiment was carried out a minimum of three times. Results of representative experiments are given as the meanGS.D. and of multiple experiments as the meanGS.E.M.
DNA fragmentation assay
Cells (2!10 6 ) were washed in cold PBS and harvested in cold lysis buffer containing 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM MgCl 2 , 1 mM dithiothreitol (DTT) and 0.5% NP-40 on ice for 40 min. Lysates were centrifuged at 13 000 g and the pellets resuspended in cold buffer containing 10 mM Tris-HCl, pH 8.0, 350 mM NaCl, 1 mM MgCl 2 and 1 mM DTT before incubation on ice for 20 min. Lysates were then extracted once with phenol/chloroform and the DNA precipitated with 10 mM MgCl 2 and 2.5 volumes of 100% ethanol overnight at K20 8C. DNA was collected by centrifugation at 14 000 g for 20 min, resuspended in TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) plus 0.1 mg/ml RNase A and incubated at 37 8C for 1 h. Proteinase K (1 mg/ml) was added and the mixture was further incubated at 37 8C for 1 h. Fragmented DNA was separated by electrophoresis in a 1.5% agarose gel and visualised with ethidium bromide (0.5 mg/ml).
Measurement of caspase-3, -8 and -9 activities
Cultured cells were harvested and washed once in cold PBS. After a brief centrifugation (3000 g, 5 min) cells were incubated in lysis buffer containing 20 mM Hepes (pH 7.4), 100 mM NaCl, 0.5% (v/v) NP-40 and 10 mM DTT on ice for 30 min. Following centrifugation at 13 000 g for 10 min at 4 8C, supernatants were collected, transferred to a 96 well plate and corresponding substrate to caspase-3, -8 and -9 (CalbiochemNovabiochem Corp., San Diego, CA, USA) added. The samples were incubated for 24 h at room temperature. Optical density at 405 nm was measured using an ELISA plate reader (EL310 Boots-Celtech). Caspase activity was expressed as percentage with respect to control, which was set at 100%. Statistical analysis was performed by Mann-Whitney analysis with significance set at P!0.05. Bars represent GS.D. of the mean. 
Western blotting
Cells were harvested in cold PBS and the pellet resuspended in lysis buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% Triton X-100) for 20 min in ice. After this incubation, the lysate was sonicated and centrifuged at 14 000 g for 20 min at 4 8C to separate membrane (pellet) and cytosolic (supernatant) fractions as previously described (Basak et al. 2005) . Protein concentration was determined by Bradford assay. 100 mg of crude membrane extract was loaded in each lane, separated by 10% polyacrylamide gel electrophoresis in the presence of sodium dodecylsulphate, transferred to nitrocellulose membranes and incubated overnight with primary antibodies (1:1000). Bcl-2 (DAKO, Carpinteria, CA, USA), cytochrome C (BD Biosciences, San Jose, CA, USA), phospho-Bcl-2 PARP, Bad, AIF, Bcl-xL, caspase-9 and b-actin (Santa Cruz, CA, USA), Survivin (R&D System, Minneapolis, MN, USA), Flip, caspase-3, -8 and Bid (Calbiochem, San Diego, CA, USA), SMAC/Diablo (BD Transduction Laboratories, CA, USA). Secondary antibody, goat anti-mouse/rabbit IgG secondary antibody coupled to hydrogen peroxidase (1:5000, The reaction was developed with chemiluminescence using ECL western blot analysis system (NEN, Western lightning, PerkinElmer, Boston, MA).
RT-PCR
Total RNA was isolated using the Chomczynski method (Chomczynski & Sacchi 1987) . cDNA was generated using reverse transcriptase (Superscript II, Invitrogen 0 (generates a fragment of 80 bp; BiosChile, Santiago, Chile). Semi-quantitative PCRs were performed from cDNA generated from cell lines and primary cultured cells maintained under maintenance conditions, using Taq polymerase (Invitrogen). As an internal control, primers amplifying a region of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used to test the integrity of the starting cDNA as previously published (Sadarangani et al. 2007 ).
Immunocytochemistry
Cancer cell lines were resuspended in DMEM/F12 with 10% FBS and plated in 6 cm 2 Petri dishes (tissue culture grade, Falcon, BD Labware, NJ, USA) containing glass cover slides. Once plated, the cell culture medium was changed to DMEM/F12 with 5% charcoal-treated FBS for 24 h. Cells were washed twice in PBS and fixed in 1% paraformaldehyde. Cells were washed again thrice in PBS and pseudoperoxidase activity blocked by 10 min incubation with 10% hydrogen peroxidase (Labvision, Cheshire, UK). Cells were washed as before and blocked in serum-free protein block solution (DAKO) for 30 min. TRAIL-R1/DR4 (BD Pharmingen, San Jose, CA, USA), TRAIL-R2/DR5 (Imgenex, San Diego, CA, USA), antibodies were added at a dilution of 1:250 for 18 h. The slides were washed thrice and incubated with secondary anti-rabbit IgG peroxidase-labelled antibody (Kirkegaard Perry Labs Inc., Gaithersburg, MD, USA) for 1 h at room temperature. Covers were washed thrice and DAB Plus substrate (Labvision) added until a colour change was detected (w10-20 min). The reaction was stopped by washing in distilled water and cells were examined by light microscopy.
Flow cytometry analysis
Cell cycle distribution and the detection of a sub-G1 apoptotic peak were analysed by flow cytometry using propidium iodide DNA staining. Cells were harvested, centrifuged, washed and resuspended in a cold solution of 1 ml 1!PBS and 4 ml 70% ethanol. The cells were incubated overnight at 4 8C, washed in 1!PBS and resuspended in a solution of 250 ml of propidium iodide (50 mg/ml) in 1!PBS and 1 ml RNase (20 mg/ml; Gibson et al. 2002) . Cells were incubated (protected from light) for 15 min at room temperature before analysis on a FACScan cytometer using the Cell Quest software (Becton Dickinson, Mountain View, CA, USA).
Statistical analysis
Statistical analysis is performed using the MannWhitney test, with P!0.05 regarded as statistically significant (GraphPad Instat 3 GraphPad Software Inc., San Diego, CA, USA). Data are represented as a percentage with respect to vehicle control. Standard deviation of the means is given from a minimum of three individual experiments performed, each consisting of five replicates.
S Kato, A Sadarangani et al.: 2ME-mediated apoptosis in endometrial cancer
www.endocrinology-journals.org
Results

Apoptosis in response to oestrogen and oestrogen metabolites
To determine if oestrogen and oestrogen metabolites altered cellular viability in cells of human female oestrogen responsive tissue origin, we incubated breast cancer cell lines (ZR-75 and MDA-231), endometrial cancer cell lines (Ishikawa and HEC1A) and a cervical cancer cell line (HeLa) for 48 h with 2 mM concentrations of E 2 , 2ME, 4ME, 2OH, 4OH or ethanol vehicle. As shown in Fig. 1A , analysis of cell viability by the MTS assay demonstrated that only HeLa cells were sensitive to treatment with 2 mM E 2 after 48 h. Treatment with 2OH, 4OH or 4ME had no effect on cellular viability at this concentration in any of the cell lines tested. However, 2ME elicited a significant reduction in cell viability in the endometrial and cervical but not in the breast cancer cell lines. To confirm that this reduction in cell viability by the MTS assay, which measures mitochondrial redox potential, was due to apoptosis, cell lysates were analysed for cleaved poly (ADP-ribose) polymerase (PARP) expression by western blotting. As shown in Fig. 1B , PARP cleavage occurred only in the presence of 2ME, demonstrating that reduced cell viability was a consequence of increased apoptosis. Consequently, we chose the metabolite 2ME and selected the Figure 1 2-Methoxyoestradiol, but not other oestrogen metabolites, reduces cell viability and induces apoptosis in cancer cell lines of human reproductive tract origin. Cell viability was measured by the MTS assay and the data represented as a percentage with respect to control (ethanol, C) in the presence or absence of 17b-oestradiol (E 2 ), 2-hydroxyoestradiol (2OH), 4-hydroxyoestradiol (4OH), 2-methoxyoestradiol (2ME) and 4-methoxyoestradiol (4ME). Two breast cancer cell lines (ZR-75 and MDA-MB-231), two endometrial cancer cell lines (Ishikawa and HEC1A) and a cervical cancer cell line (HeLa) were tested. All concentrations were 2 mM in ethanol vehicle. Standard deviation of the mean is shown from a minimum of three experiments performed, each consisting of five replicates. Mann-Whitney test statistical significance (*) was set at P!0.05 with respect to control (vehicle). (B) Western blot analysis in Ishikawa cells demonstrating the presence of cleaved PARP only in presence of 2-methoxyoestradiol (2ME) for 48 h. Ishikawa cells treated with TRAIL (200 ng/ml) for 18 h were used as a control for apoptosis (CC). Characterisation of 2ME-mediated apoptosis in the Ishikawa endometrial cancer cell line To characterise apoptosis in response to 2ME, we first determined the optimal concentration for experimental use. As shown in Fig. 2A , a significant decrease in cellular viability was observed when cells were treated with 2 mM 2ME and viability was further reduced upon treatment with 5 mM 2ME. Interestingly, 5 mM 2OH was capable of significantly reducing cell viability (albeit !5%) in the Ishikawa and HEC1A cell lines (results not shown). With respect to 2ME, analysis of PARP cleavage demonstrated that apoptosis was triggered at a much lower concentration (1 mM) than that detected by the MTS assay (Fig. 2B ). In accordance with this, Fig. 2C demonstrates an increase in DNA laddering in Ishikawa cells treated with increasing concentrations of 2ME. Next, we examined the kinetics of response in Ishikawa cells treated with 5 mM 2ME. Figure 3A shows that although loss of cell viability was not apparent upon 24 h treatment with 2ME, the apoptotic machinery was already activated as demonstrated by PARP cleavage at this time point (Fig. 3B) . Interestingly, PARP cleavage was no longer detectable after 72 h treatment, suggesting degradation of the protein as apart of the apoptotic process. We also examined the effect of 2ME on cell cycle progression in Ishikawa cells. A representative flow cytometry result is shown (Fig. 3C ) after 48 h 2ME exposure, were the sub G0/G1 phase (apoptotic cells) is increased. To address this issue, in Fig. 3D , we performed time-course experiments where we demonstrate that 15% apoptosis was present after 24 h 2ME treatment, which may explain the appearance of PARP cleavage at this time in Fig. 3B . These results also confirm the results obtained by MTS at 48 and 72 h after 2ME exposure.
Elucidation of the mechanism of 2ME-mediated cell death in the Ishikawa cell line
In an effort to understand the mechanism of action, flow cytometry demonstrated that 2ME treatment increased the percentage of cells in the G2/M phase of the cell cycle before induction of the apoptotic process. Figure 3D shows that there is an accumulation in the G2/M phase of the cell cycle at 9 h before the first appearance of apoptosis at 18 h. This increase in G2/M was sustained until 24 h, after which the majority of the cells had entered the apoptotic process by 48 h. To evaluate if the activation of the ER is required for 2ME-mediated apoptosis, Ishikawa cells were pre-incubated with the pure ER antagonist ICI 182 780 (ICI). However, ICI did not alter the ability of 2ME to induce apoptosis as seen by MTS assays (Fig. 4A) , suggesting that the mechanism of action is via an ER-independent pathway. This observation was confirmed by flow cytometry (Fig. 4B) , were no differences in the percentage of cells in the sub G 0 /G 1 phase was observed. As seen in Fig. 1A , the cell line HeLa, which does not express ER, also undergoes apoptosis after 2ME exposure, adding further evidence that 2ME is utilising an ER-independent mechanism to bring about apoptosis. To determine if 2ME-mediated apoptosis was utilising the intrinsic or extrinsic apoptotic pathways, we examined the activation of caspases. After 24 h 2ME exposure, we observed activation of caspase-3, the executor caspase, and the initiator caspases, caspase-8 and caspase-9, which respectively support the participation of the extrinsic and intrinsic pathway (Fig. 5A) . To confirm caspase activation, Ishikawa cells were treated with general and specific caspase inhibitors. To further characterise the extrinsic and intrinsic pathways, Fig. 5B demonstrates that incubation with a general caspase inhibitor (Z-VAD) completely abolished the ability of 2ME to alter cell viability. Specific inhibition of caspase-8 and -9 caused partial reversion of cell mortality, while inhibition of caspase-2 had not effect on 2ME-mediated apoptosis. To further characterise the sequence of activation of the intrinsic and extrinsic pathways, we determined the temporal expression of key members of each pathway by western blot. To characterise one of the primary events in the apoptotic pathway, we examined Bid, a protein downstream of death-inducing signalling complex (DISC). Figure 6 demonstrates the loss of cytosolic Bid and the appearance of cleaved cytosolic Bid (t-Bid) at 6 h after 2ME exposure and its translocation to the mitochondrial membrane. We further demonstrate that Flip, a known DISC inhibitory protein, was also down-regulated. Analysis of the intrinsic pathway demonstrated an early loss of the cytosolic form of Bad and a translocation to the mitochondria at 3 h. This coincided with cytochrome C and SMAC/Diablo release to the cytosol. No alteration was observed in AIF release in response to 2ME. Analysis of antiapoptotic proteins acting at the mitochondrial level, demonstrated a reduction in Bcl-2 and Bcl-xL levels at later time points (9-18 h). In the case of Bcl-2, the loss from the mitochondria coincided with an increase in the cytosolic fraction at these time points. Further analysis of Bcl-2 demonstrated a correlation between phosphorylation of this protein and loss of expression in the mitochondrial membrane (result not shown). (caspase-3, -8 and -9) in Ishikawa cells after the addition of 2ME (5 mM) for 24 h. Cells in the absence of 2ME are set at 100%. Mann-Whitney test *P!0.05 with respect to control. (B) Cell viability was measured by the MTS assay and the data represented as a percentage with respect to control (vehicle, C). Standard deviation of the mean is shown from a minimum of three experiments performed, each consisting of five replicates. The caspase inhibitors 2, 8, 9 and Z-VAD (all 50 mM) were added for 30 min previous to and for 24 h after 2-methoxyoestradiol (2ME, 5 mM) addition for 48 h. Using the Mann-Whitney test, significance was set at P!0.05, with aZ significant with respect to vehicle, bZsignificant with respect to 2-methoxyoestradiol (5 mM) in Ishikawa cells. Finally, we observed that Survivin, a downstream antiapoptotic protein, was also down-regulated during the same time frame. To explore the mechanism by which 2ME could activate the intrinsic apoptotic pathway, we explored the participation of ROS generation. RT-PCR was performed to examine alterations in the levels of superoxide dismutase (SOD) type 1 mRNA. Figure 7A shows a reduction in SOD type 1 mRNA with Figure 6 2-Methoxyoestradiol activation of the extrinsic and intrinsic apoptotic pathways. Western blot analysis of extrinsic and intrinsic apoptotic pathway proteins at varying time points after 2ME (5 mM) addition (hours). Western blot analysis of cytosolic and membrane factions was performed to examine the translocation of apoptotic proteins between the cytoplasm (cytosol) and the mitochondrial membrane (mitochondria). (2007) 14 351-368 www.endocrinology-journals.org increasing concentrations of 2ME. As shown in Fig. 7B , the co-incubation with the anti-oxidant NAC reversed the reduction in cell viability mediated by 2ME, substantiating the role of ROS generation in 2ME-mediated apoptosis. This result was also confirmed with pre-incubation with the anti-oxidant vitamin C (data not shown).
Endocrine-Related Cancer
2ME action in cells originating from the human female reproductive tract
Having characterised the action of 2ME in the endometrial cancer line Ishikawa, we determined if this action was conserved in another endometrial cancer cell line, HEC1A, and in primary cultures of malignant and non-malignant cells of the human female reproductive tract obtained from hysterectomy and bilateral salpingo-oophorectomy specimens. As shown in Fig. 8A , 2ME did not trigger apoptosis in cultured ovarian, cervical, fallopian tube or endometrial and stromal epithelial cells of non-malignant (normal) origin. In contrast, 2ME-mediated apoptosis in HEC1A cells, the cervical cancer cell line, HeLa, and in primary cell cultures of a primary cultured uterine sarcoma and one endometrial tumour. Some cultures were harvested for western blot analysis, which confirmed the absence of cleaved PARP in all 2ME-treated primary non-malignant cultures and its presence in cancer cell lines and primary cultured uterine sarcoma (Fig. 8B) . To establish the possible differences in the sensibility to 2ME, between normal and cancer tissues, we evaluated levels of the SOD type I mRNA. Figure 9 demonstrates the exclusive downregulation of SOD type 1 mRNA levels in cancerous but normal cells of endometrial epithelium and cervical origin. This result reflects the regulation observed previously in the Ishikawa cell line (Fig. 7a) . Given a previously reported anti-apoptotic role of the enzyme 17b-HSD, we evaluated the mRNA levels of type 1 and type II of this enzyme in our model of normal cancerous cells. As seen in Fig. 10 , no apparent differences were observed in relation to the type I transcript (Fig. 10A) , however, we found that tissues that undergo apoptosis in response to 2ME presented higher levels of 17b-HSD type II transcript.
Combination of 2ME with known anti-tumoural agents
The main disadvantage of currently used chemotherapy is that it affects both cancer and normal tissues. To evaluate this, we performed MTS assays to detect reduction in cell viability in normal cells obtained from hysterectomies of healthy patients. As showed in Fig. 11A , we observed a reduction in cell viability with chemotherapy currently used to treat endometrial cancer, such as DOX, PTX and CIS. In contrast to this, both the potential therapeutic agent TRAIL (Sadarangani et al. 2007 ) and 2ME or their combination did not reduce cell viability. Repeating this study in the endometrial cancer cell line Ishikawa, all chemotherapeutics, TRAIL and 2ME brought about a loss in cell viability (dark bars). When cells were previously exposed to 2ME for 24 h, a significant decrease in cell viability was observed with TRAIL and PTX in comparison with each agent alone.
Combination of 2ME with the apoptotic agent TRAIL
Previous results from our laboratory demonstrated that the apoptotic potential of TRAIL in normal and malignant reproductive tissues mimics that of 2ME (Sadarangani et al. 2007) . To confirm that no change in cell viability occurred in normal cells (Fig. 11A) and that the additive effect on cell viability (observed in Fig. 11B ) was due to apoptosis, we performed flow cytometry analysis. As shown in Fig. 12 , no apoptosis was detected in primary cultured endometrial epithelial cells. Furthermore, the RT-PCR analysis of SOD type I mRNA in Ishikawa cells in response to varying concentrations of 2ME for 9 h. GAPDH is shown as a loading control. (B). Cell viability was measured by the MTS assay and the data represented as a percentage with respect to control (vehicle, C). Standard deviation of the mean is shown from a minimum of three experiments performed, each consisting of five replicates. The anti-oxidant NAC was co-incubated at stated concentrations with 2ME (5 mM) for 48 h. Using the Mann-Whitney test, significance was set at P!0.05, with aZsignificant with respect to vehicle, bZsignificant with respect to 2ME (5 mM) in Ishikawa cells.
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www.endocrinology-journals.org combination of TRAIL and 2ME in Ishikawa cancer cells significantly increased cell death via apoptosis. To confirm that combined 2ME and TRAIL treatmentmediated apoptosis by caspase activation, the in vitro activity of caspase-3 was analysed. Figure 13 shows that caspase-3 is activated and that this activation is significantly increased with respect to both agents alone. Further confirmation of an additive effect is demonstrated by the increased cleavage of procaspase-3 and the appearance of the 17 kDa active caspase-3 form in the presence of both apoptotic agents. This effect was also observed with procaspase-9, but not with procaspase-8.
Mechanism by which 2ME enhances the apoptotic effects of TRAIL We next evaluated a potential mechanism by which 2ME could enhance TRAIL-mediated apoptosis. Based on previous reports in the literature, we evaluated whether the TRAIL receptors TRAIL-R1/DR4 and TRAIL-R2/DR5 were up-regulated. As shown in Fig. 14A and B, 2ME up-regulates both DR4 and DR5 mRNA levels in the endometrial cancer cell lines Ishikawa and HEC1A. This result was further confirmed at the protein level by immunocytochemistry in both endometrial cancer cell lines (Fig. 14C and data not shown). As we demonstrated that 2ME was increasing TRAIL receptors, we speculated that 2ME pre-treatment could lower the concentrations of TRAIL required to bring about the additive effect on apoptosis. To this end, Ishikawa cells were treated with 2ME (5 mM) for 48 h with variable doses of TRAIL, ranging from 50 to 500 ng/ml for 18 h. Under these conditions, pre-treatment with 2ME enhanced the sensitivity of Ishikawa cells to lower concentrations of TRAIL and increasing the concentration of TRAIL Figure 8 2-Methoxyoestradiol induces apoptosis in cancerous cells but not in normal cultured human cells of endometrial, ovarian, cervical or fallopian origin. MTS cell viability assays after 2-methoxyoestradiol (2ME, 5 mM) addition for 48 h in cultured normal endometrial epithelium, normal endometrial stroma, endometrial cancer cell lines Ishikawa and HEC1A, two cancerous endometrial epithelium (TEE), sarcoma (cancer originating in the endometrial stromal compartment), normal cultured ovarian cells, normal cultured cervical cells, a cervical cancer cell line (HeLa) and cultured normal epithelial cells of the fallopian tube. Data are represented as a percentage with respect to control. Standard derivation of the means is shown, each consisting of five replicates. Cell viability is set at 100% in the presence of vehicle (first bar, C). Statistical significance (*) with respect to vehicle-treated control for each cell type was set at P!0.05 using the Mann-Whitney test. (B) Western blot analysis demonstrating the presence of cleaved PARP (apoptosis) in cancerous but not normal (healthy) cells in parallel cultures of the cells used in panel A. Figure 9 Differing regulation of superoxide dismutase type 1 by 2ME in cancerous and normal cells of human endometrial and cervical origin. (A). RT-PCR analysis of SOD type I mRNA in primary cultured normal human endometrial and cervical epithelium, HEC1A endometrial cancer cells and HeLa cervical cancer cells in response to 9-h treatment with 2ME (5 mM). GAPDH is shown as a loading control. (2007) 14 351-368 www.endocrinology-journals.org beyond 50 ng/ml did not further enhance loss of cell viability (Fig. 15) .
Endocrine-Related Cancer
Discussion
Endometrial cancer is the most common invasive neoplasm of the female genital tract and one of the most frequently diagnosed cancers (Carter & Pather 2006) . There exists a strong association between the endometrial cancer risk and oestrogen exposure, primarily due to the mitotic role of oestrogen during the follicular stage of the menstrual cycle (Amant et al. 2005 , Carter & Pather 2006 , however, growing evidence is demonstrating that oestrogen metabolites alone at higher than physiological concentrations may display oestrogenic, anti-oestrogenic and/or unique behaviour. The objective of this study was to determine the effect of oestrogen metabolites on the oestrogenresponsive normal and cancerous human endometrium and on other reproductive target tissues. Herein, we demonstrate that endometrial and cervical cancer cells, but not primary cultured cells, corresponding to respective normal tissue undergo apoptosis in response to the oestrogen metabolite, 2ME. Similarly, a mild (5%) reduction of cell viability was observed with 2OH in certain cell lines, but only at the highest concentration tested and this could be explained by differences in the expression of the enzymes that control the biogenesis of the oestrogen metabolites, such as COMT (Merriam et al. 1980) . Our observation that E 2 at high concentrations can cause apoptosis in HeLa cells, a cervical carcinoma cell line, has also been reported previously and thus not pursued further in this report (Acconcia et al. 2005) . Physiological (picomolar) or low pharmacological concentrations of 2ME did not trigger cell death in Ishikawa cells, suggesting that the endogenous 2ME production does not act as a pro-apoptotic stimulus. However, at higher Figure 12 Flow cytometry analysis of 2ME-and TRAIL-mediated apoptosis in Ishikawa cells but not normal endometrial epithelium. Percentage of Ishikawa cells or primary cultured human endometrial epithelium (normal endometrium) in the sub G0/G1 fraction (apoptotic) are represented after treatment with ethanol vehicle (C), TRAIL 200 ng/ml for 18 h, 2ME for 48 h or 2ME for 48 h with TRAIL addition occurring 18 h before the end of the experiment (TRAILC2ME). Using the Mann-Whitney test, statistical significance in change in cell viability with respect to vehicle-treated control (*) and individual administration (#) for each drug was set at P!0.05.
Figure 11 2ME and TRAIL mediate apoptosis in endometrial cancer cells without the reduction in normal cell viability observed with conventional chemotherapies. Cell viability was measured by the MTS assay in normal cultured human endometrial epithelial cells (A), and the Ishikawa endometrial cancer cell line (B). In both panels, cells were treated with ethanol vehicle (C), TRAIL 200 ng/ml for 18 h, 2ME for 48 h or 2ME for 48 h with TRAIL addition occurring 18 h before the end of the experiment (TRAILC2ME). The chemotherapeutics, Doxorubicin (DOX, 5 mM), Paclitaxel (PTX, 5 mM) and Cisplatin (CIS, 5 mM), were administered for 48 h. Using the Mann-Whitney test, statistical significance in change in cell viability with respect to vehicletreated control (*) and individual administration (#) for each drug was set at P!0.05. concentrations (1-5 mM), 2ME induces cell death in endometrial and cervical cancer cells, providing further support for its therapeutic potential in reproductive tract malignancies. The mechanism by which 2ME mediates apoptosis is accompanied by an increase in the number of cells in the S or G2/M phase of the cell cycle, as has been previously reported in other cancer cell types (Qadan et al. 2001) and the endometrial cancer cell line, HEC1A . Furthermore, Zhou et al. (2004) reported in nasopharyngeal carcinoma cells that 2ME-induced cell cycle arrest at G2/M phase and that apoptosis was associated to Bcl-2 down-regulation. Herein, in the most detailed study of 2ME-mediated apoptosis to date in the reproductive tract, we demonstrate an apoptotic effect that is AIF independent and caspase activation dependent, involving the utilisation of both the intrinsic and extrinsic pathways. Our results suggest that 2ME is activating both the intrinsic pathway, as demonstrated by the early activation of the pro-apoptotic components of the intrinsic pathway (BAD, Cyt-c, SMAC/Diablo), followed by later down-regulation of the anti-apoptotic proteins Bcl-2 and Bcl-xL. To examine a mechanism by which 2ME could activate the intrinsic pathway, we examined the hypothesis that 2ME was generating reactive agent species and thus damage the mitochondrial membrane. We demonstrated that 2ME down-regulates anti-oxidant enzyme SOD and that 2ME-mediated apoptosis is completely reversed by the anti-oxidants (NAC and Vitamin-C). Activation of the extrinsic pathway is demonstrated by cleavage of procaspase-8, Bid cleavage and down-regulation of the extrinsic inhibitor FLIP.
Although 2ME binds to ERa and ERb with 500-and 3200-fold lower affinities respectively, than that of E 2 , 2ME has been demonstrated previously to mediate cell fate through this union (LaVallee et al. 2002) . Despite the presence of both ERa and ERb in Ishikawa cells, competitive inhibition with an ER binding antagonist did not alter 2ME-mediated apoptosis. Furthermore, a receptor-independent mechanism of action was confirmed by the ability of 2ME to mediate apoptosis in an ER-negative cancer cell line (HeLa). Although previously reported in certain breast cancer cell lines, the mechanism of action of 2ME in endometrial cancer is currently under investigation; however, the use of an ER-independent pathway for 2ME action raises the possibility of using 2ME as an effective treatment for advanced (more aggressive) endometrial and cervical cancers, which tend to be hormone receptor negative (Maeda et al. 2002) .
A requirement for any cancer treatment is that the potential agent has greater toxicity on cancerous cells than on corresponding normal tissue. Our results clearly show that 2ME does not alter cell viability of primary cultured endometrial cells or corresponding reproductive tract tissue, such as the endometrial stroma, ovary, cervix and fallopian tube epithelium. This further supports the use of 2ME as a treatment for endometrial-derived tumours. A recent report by Li et al. (2007) demonstrated that oral administration of 2ME did not bring about death of a xenograph of the endometrial cell line HEC1A in SCID mice. However, this may be due to the problems of 2ME metabolism in Figure 13 Additive activation of caspases by combined 2ME and TRAIL treatment. (A) Caspase-3 activity in the Ishikawa endometrial cancer cell line. Cells were treated with ethanol vehicle (C), TRAIL 200 ng/ml for 18 h, 2-methoxyoestradiol (2ME) for 48 h or 2ME for 48 h with TRAIL addition occurring 18 h before the end of the experiment (TRAILC2ME). Data are represented as a percentage with respect to control. Standard deviation of the mean is shown from a minimum of three experiments performed, each consisting of five replicates. Mann-Whitney test *P!0.05 with respect to control (vehicle), **P!0.05 with respect to individual treatments. (B) Western blot analysis of procaspase-3, -8 and -9 cleavage in the presence of above-stated treatments. b-actin is used as a loading control. (2007) 14 351-368 www.endocrinology-journals.org the liver. We present results demonstrating that 2ME kills cancer cells only at high concentrations (micromolar), which would suggest that the oral administration used by Li et al. (2007) was not arriving at the tumour site at sufficient concentrations. With respect to the treatment of endometrial cancer, the principal sites of primary invasion are the uterine wall (from endometrium through myometrium to serous layer), pelvic and/or periaortic lymph nodes and the peritoneum. We propose that the direct local administration of 2ME into the uterine lumen or the peritoneal cavity could bypass any concerns that have been raised concerning the metabolism and effective concentration of 2ME (Utsumi et al. 2005) . Despite examining the effects of 2ME on primary cultured uterine-derived tumours, no major conclusions can be obtained, due to a limiting number of cases. However, interestingly, a uterine sarcoma (a type of cancer that is currently resistant to actual chemotherapy) underwent apoptosis after 2ME exposure suggesting a new therapeutic approach to this type of malignant and untreatable tumour. A further requisite of a potential cancer treatment is that it is more effective than the currently available treatment or possesses the same efficiency but with less side effects. Herein, we demonstrate that 2ME displays similar reductions in cell viability of endometrial cancer cells that the conventional chemotherapies currently used, while showing minimal loss in cell viability to normal cells. This effect is further enhanced by the co-treatment with the potential apoptotic cancer drug TRAIL, which we previously characterised in endometrial tissue (Sadarangani et al. 2007 ). This suggests that endometrial cancer could be refractory to this combination of drugs without detriment to normal tissue. As with 2ME alone, further studies are required to determine whether or not the presence of TRAIL and 2ME could have an additive effect and thus beneficial outcome on the majority of cancers of endometrial origin. Supporting this fact, we show that the combination of 2ME and TRAIL is as effective as the combination of 2ME and actual chemotherapy, thereby supporting the use of combining both agents. Interestingly, a fixed concentration of 2ME, when added to the endometrial cancer cell line, reduced the concentration of TRAIL required to achieve maximum cell death. This is appealing to cancer treatments as TRAIL, although displaying no significant loss in cell viability in our model, has been reported to have mild side effects in clinical studies. Thus, the pre-treatment with 2ME may reduce or eliminate these TRAIL side effects without altering (and potentially increasing) the response to TRAIL on tumour cells. Furthermore, pre-treatment with 2ME also sensitised the endometrial cancer cells to the effect of PTX.
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In relation to the mechanism of action of the TRAIL and 2ME interaction, we demonstrate that in accordance with previous reports in other tissue (Basu et al. 2006) , that 2ME is increasing the levels of TRAIL receptors DR4 and DR5, thus potentially increasing the response to the TRAIL ligand. With respect to the action of 2ME and TRAIL, it is not clear if an additive effect of TRAIL and 2ME is due to separate apoptotic pathways or the sensitisation of common pathway. A differing activation of caspase-3 is present and we previously (Sadarangani et al. 2007 ) demonstrated that TRAIL brings about a loss in cell viability at 18 h, while herein 48 h is required in the presence of 2ME. However, neither inhibitors of caspase-8 and -9 completely reverse the apoptotic effects of 2ME, but caspase-8 inhibitor reversed completely the effects of TRAIL. These results suggest an activation of the intrinsic pathway by TRAIL, possibly via the activation of the extrinsic pathway (caspase-8, then BID), while 2ME activates both pathways.
A principal observation of this work is that 2ME lowers cell viability in cancerous but not normal cells. To address a mechanism behind this observation, we analysed the possible differences in SOD type I, the regulation of which we had previously shown to be altered by 2ME in Ishikawa cells. Interestingly, 2ME does not reduce SOD type I mRNA levels in primary cultured normal endometrial and cervical cells (as opposed to corresponding cancer cells). This suggests that these non-cancerous cells are exposed to less ROS and maybe less susceptible to undergo apoptosis via the intrinsic pathway. Conversely, 2ME, by lowering the anti-oxidant (SOD type I) in cancer cells, may cause ROS accumulation and thus the inevitable entry into apoptosis. In addition, confirming our results, using complementary DNA micro arrays and biochemical approaches, it has been shown (Huang et al. 2000 ) that 2-carbon modifications (2-OH and 2-OCH3) induces apoptosis in human leukaemia cells but not normal lymphocytes via inhibition of the SOD type I. This inhibition causes the accumulation of cellular ROS species and leads to free radical-mediated damage to mitochondrial membranes specifically in cancer cells.
A further previously speculated mechanism for the selective effect of 2ME on cancerous over normal cells is a differing expression of 17b-HSD isoforms. A preferential balance for type I, as opposed to the type II isoform, has prognostic significance in breast cancer and that altered expression of these enzymes is correlated with breast cancer progression (Gunnarsson et al. 2001) , possibly due to the rapid conversion of 2ME to the inactive metabolite 2-methoxyoestrone (Liu et al. 2005) . We demonstrate in the endometrium that an increase in this enzyme may have a role in 2ME insensitivity based on the observation that 17b-HSD type II mRNA levels are higher in the normal (and non-sensitive) than in our cancerous cells and that Newman and colleagues (Day et al. 2006 ) demonstrated a correlation between 17b-HSD type II mRNA levels and protein activity. Figure 15 2-Methoxyoestradiol sensitises Ishikawa endometrial cancer to TRAIL-mediated apoptosis. Cell viability was measured by the MTS assay in response to the apoptotic drugs 2ME and TRAIL. TRAIL concentration was varied between 50 and 500 ng/ml for 18 h after the presence (triangle) or absence (diamonds) of 2ME fixed at 5 mM was added 24 h previously. The grey bar represents 2ME (5 mM) alone for 48 h. Data are represented as a percentage with respect to control and standard deviation of the mean is shown from a minimum of three experiments performed, each consisting of five replicates. Using the Mann-Whitney test, significance was set at P!0.05, with aZsignificant with respect to vehicle, bZsignificant with respect to previous lower concentration, cZsignificant with respect to the matched concentrations of the same drug alone, dZsignificant with respect to fixed-drug concentration (black bar).
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Currently, experiments are on the way to test the hypothesis that Ishikawa cells stably transfected with 17b-HSD type II are more resistant to 2ME treatment. 2ME is already being considered as a cancer therapeutic for breast cancer (Lakhani et al. 2003) . However, despite ongoing clinical trials reporting an absence of grade 4 toxicity and only minor grade 3 toxicity in relation to disease progression, less than encouraging beneficial effects on breast cancer progression are being presented (Lakhani et al. 2003) . As our results, albeit in vitro, also demonstrate minimal effects on breast cancer cells, but significantly reduced viability of endometrial cancer cells, we postulate that 2ME alone or in combination with TRAIL would have a beneficial outcome in clinical trials of patients presenting with uterine-derived cancers. Furthermore, the metabolism of 2ME in the liver is also hindering the application of this drug; however, due to the nature of endometrial cancer and its principal invasive sites, drug administration could occur directly into the uterine lumen and/or the peritoneum thus circumventing the problem of drug metabolism.
